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We have compared the ability of two mammalian Notch homologs, mouse Notch1l and Notch2, to inhibit the
granulocytic differentiation of 32D myeloid progenitor cells. 32D cells undergo granulocytic differentiation
when stimulated with either granulocyte colony-stimulating factor (G-CSF) or granulocyte-macrophage colony-
stimulating factor (GM-CSF). Expression of the activated intracellular domain of Notchl inhibits the differ-
entiation induced by G-CSF but not by GM-CSF; conversely, the corresponding domain of Notch2 inhibits
differentiation in response to GM-CSF but not to G-CSF. The region immediately C-terminal to the cdc10
domain of Notch confers cytokine specificity on the cdc10 domain. The cytokine response patterns of Notchl
and Notch2 are transferred with this region, which we have termed the Notch cytokine response (NCR) region.
The NCR region is also associated with differences in posttranslational modification and subcellular localiza-
tion of the different Notch molecules. These findings suggest that the multiple forms of Notch found in mam-
mals have structural differences that allow their function to be modulated by specific differentiation signals.

Hematopoiesis can be considered a developmental process
in which pluripotent stem cells give rise to committed progeny
that undergo proliferation and differentiation, resulting in the
continuous production of appropriate numbers of mature
blood cells throughout the lifetime of a vertebrate organism
(for reviews, see references 33 and 38). Considerable progress
has been made in understanding the regulation of hematopoi-
esis, including the effects of and interactions among cytokines
and the interactions of progenitors with stromal elements (for
reviews, see references 23 and 30). Despite these advances,
many aspects of hematopoiesis remain obscure, including the
mechanisms by which multipotent progenitors choose to dif-
ferentiate along one of multiple pathways or to self-renew and
remain multipotent. In other developmental systems, cell fate
decisions by multipotent progenitors are mediated by members
of the Notch family (for reviews, see references 2, 9, and 46).
We have previously demonstrated the expression of Notch
genes in hematopoietic progenitors (27) and the functional
activity of Notchl in 32D myeloid progenitors (20, 26) and
have proposed that members of this receptor family play a
similar role in the determination of hematopoietic cell fates.

The general function of Notch as a mediator of cell fate
decisions has been highly conserved throughout evolution (for
a review, see reference 1), and this is reflected in the conser-
vation of its molecular structure (Figure 1). The extracellular
domain of Notch, which contains 33 to 36 tandem epidermal
growth factor repeats and three lin-12/Notch repeats (LNR),
functions as a receptor in cell-cell interactions. There is a
single transmembrane domain. The intracellular domain con-
tains six cdc10/SWI6/ankyrin repeats, putative nuclear local-
ization signals (NLS), and a C-terminal OPA/PEST region.
The cdc10 region is the most highly conserved portion of the
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molecule and is crucial for intracellular signal transduction (6,
10, 15, 21, 32, 34, 36, 40). Activation of the Notch molecule by
ligand (DSL proteins, such as Delta, Serrate, and Lag-2) bind-
ing to the extracellular domain inhibits differentiation along a
specific cell fate pathway in response to inductive signals (5, 20,
22). Thus, among a group of cells having equivalent cell fate
potentials, a limited number of cells will adopt the specific cell
fate while others (those expressing higher levels of Notch) will
remain multipotent and competent to subsequently adopt an
alternate cell fate (for reviews, see references 1 and 13).

Evaluation of the phenotypic effects of mutant Notch mol-
ecules in several different systems has helped elucidate the
functions of different parts of the Notch molecule (21, 34, 40).
These studies have demonstrated that truncated Notch mole-
cules lacking most or all of the extracellular domain behave as
constitutively activated forms of Notch (10, 21, 40). Thus, ex-
pression of only the intracellular domain (or a portion of the
intracellular domain) results in effects comparable to those
observed or expected from unregulated or continuous Notch
activation through ligand binding. We have previously demon-
strated that expression of a truncated intracellular form of
mNotchl (as illustrated in Fig. 1) in 32D myeloid cells inhibits
granulocyte colony-stimulating factor (G-CSF)-induced gran-
ulocytic differentiation and permits the expansion of undiffer-
entiated progenitors, effects consistent with Notch activity in
other systems (26). More recently, we have demonstrated
that activation of full-length mNotch1 by the Notch ligand,
Jaggedl, results in the same functional effects on 32D differ-
entiation (20). These findings suggest that signaling through
the Notch pathway may function in hematopoiesis to regulate
cell fate decisions and to maintain progenitor populations.

In contrast to Drosophila, in which a single Notch molecule
mediates a variety of cell fate decisions during the develop-
ment of different tissues (2, 4, 7, 31, 37), mammals express at
least four distinct Notch genes (11, 18, 41, 44, 45). These
individual Notch molecules have both overlapping and distinct
patterns of expression, but differences in function, if any, have
not been characterized. In Caenorhabditis elegans, two Notch
homologs, lin-12 and glp-1, are expressed in different types of
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FIG. 1. Diagram of the full-length Notch molecule and the activated intra-
cellular Notch construct. Both Notchl and Notch2 consist of an extracellular
domain containing 36 epidermal growth factor (EGF) repeats and 3 LNR; there
is a single transmembrane domain (TM). The intracellular domain contains six
cdc10/ankyrin repeats (cdc10) and the newly defined NCR region, which contains
a putative bipartite NLS. The activated Notch constructs (Notch-ICAOP) consist
of the region of the intracellular domain including the cdcl0 repeats and the
NCR region. Constructs also encode N-terminal myc epitope tags (MT) to
facilitate detection of protein expression.

progenitors and mediate the cell fate determination of vulval
or germ line cells, respectively (3, 39, 46); however, these two
Notch homologs appear to be functionally interchangeable (8,
36). We have found that Notchl, Notch2, and Notch3 are all
expressed in hematopoietic progenitors, including the mouse
myeloid progenitor cell lines 32D and FDCP mixA4 (reference
26 and unpublished observations). In preliminary studies to
compare Notchl and Notch2 function in hematopoietic cells,
we found that the activated intracellular form of Notchl, but
not Notch2, inhibited G-CSF-induced differentiation of 32D
myeloid cells (26). This observation suggested that Notch1 and
Notch2 might have distinct functions in hematopoietic differ-
entiation.

In the studies presented here, we show that activated forms
of Notchl and Notch2, when constitutively expressed in 32D
myeloid progenitors, have effects that depend on the specific
cytokine inductive signal. Activated Notch1 specifically inhibits
differentiation in response to G-CSF, whereas Notch2 inhibits
differentiation only in response to granulocyte-macrophage
colony-stimulating factor (GM-CSF). In addition, we provide
evidence that a previously uncharacterized region, termed the
Notch cytokine response (NCR) region, modulates these spe-
cific effects. We also show that the NCR region is associated
with different posttranslational modifications and subcellular
localizations of Notchl and Notch2 molecules, supporting the
conclusion that structural differences between the Notchl and
Notch2 NCR regions contribute to functional specificity in this
system. We propose a model through which the NCR region
could modulate the activity of Notch1 and Notch2 in response
to different cytokines.

MATERIALS AND METHODS

Preparation of retroviral vectors containing Notch constructs. The N1-ICAOP
and N2-ICAOP fragments were cloned into the pLXSN retroviral vector as
described elsewhere (26). Briefly, the intracellular Notchl and Notch2 regions
containing the cdc10 and the NCR region (starting 55 amino acids N-terminal to
the cdc10 region and ending 23 amino acids C-terminal to the putative NLS)
were cloned into the pCS2+6MT vector in frame with the six myc epitope tags
(6MT) in the vector. A fragment containing the Notch-ICAOP and the MT
(Clal-Xhol fragment) was subcloned into a pLXSN (25) vector modified to
contain a Clal site.

The N1-CDC/N2-NCR hybrid molecule contains the Notchl cdcl0 region
(TKKFRF to LLDEYN) and the Notch2 NCR region (VTPSPP to PVDSLE).
The Notch2 NCR fragment was PCR amplified and cloned in the EcoRV-Xhol
sites of N1-ICAOP/pCS2+6MT, replacing the Notchl NCR region. A similar
strategy was used to make the N2-CDC/N1-NCR hybrid molecule. In this case,
the Notchl NCR fragment (corresponding to LVRSPQ to PVDSLE) was PCR
amplified and cloned in the Xmal-Xhol sites of N2ICAOP/pCS2+6MT, replac-
ing N2-NCR. Nucleotide changes were made in the 5" primer of the Notchl
NCR fragment, so that both hybrid molecules exchange the NCR fragment at the
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equivalent amino acid. N1cdcIR/N2NLR, N1AIR, and NIANLR were generated
by a similar PCR strategy. The constructs all contained the myc epitope tag
(6MT) from the pCS2+6MT vector and were subcloned into the ClaI-modified
pLXSN retroviral vector. The correct nucleotide sequences of all constructs were
verified by sequencing.

Retroviral transductions. Retroviral producer cell lines were established as
previously described (25). Briefly, retroviral vectors were transfected into the
ecotropic viral packaging cell line, PE501, by calcium phosphate precipitation,
and the supernatant containing the transiently expressed virus was used to infect
the amphotropic viral packaging cell line, PA317. G418-resistant clones were
assayed by reverse transcriptase PCR (RT-PCR) and/or Western blotting for
expression of the constructs. 32D cells were transduced by a 24-h cocultivation
with PA317 cells in the transwell system or by direct incubation with the trans-
fected PE501 cell supernatant. In both cases, 4 wg of Polybrene per ml was added
to the media. After 24 to 48 h, the cells were plated in 1% methylcellulose with
10% fetal bovine serum (FBS), 10% WEHI 3B conditioned medium (WCM),
and 1 mg of G418 per ml. Resistant colonies were expanded and screened for
construct expression by RT-PCR and/or Western blotting. The Notchl deletion
mutants (NIDIR and NIDNLR) and N1cdcIR/N2NLR constructs were electro-
porated into 32D cells (260 V and 960 wF) rather than retrovirally transduced.
G418-resistant cells were selected, expanded, and screened as above.

Cell cultures. 32D cells were maintained in Iscove’s modified Dulbecco’s
medium with 10% fetal bovine serum and 10% WCM as a source of interleukin-3
(IL-3). The cells were induced to differentiate as described previously (26), with
minor modifications. Briefly, the day before the experiment, 32D cell cultures
were split to constant density and fed with fresh medium to ensure similar
log-phase growth for all clones. On day —1, the cells were washed and replated
at constant density (3 X 10° cells/ml) in Iscove’s modified Dulbecco’s medium
containing 10% fetal bovine serum and 10 ng of recombinant human G-CSF
(Amgen, Thousand Oaks, Calif.) per ml. Priming the cells in G-CSF for 17 to
20 h upregulates GM-CSF receptors (17) and improves the survival of 32D
clones when cultured in GM-CSF. The cells were then washed, recounted, and
plated at 2 X 10%/ml (six-well plates; 4 ml/well) in differentiation media contain-
ing 10 ng of G-CSF or GM-CSF (Pharmingen, San Diego, Calif.) per ml; this
point was considered day 0. The cultures were evaluated daily for the total
number of viable cells and the relative percentages of undifferentiated cells and
mature granulocytes. In all cultures, 10% of the medium was replaced every day.
Viable cells were counted, and Wright-stained cytospin preparations were eval-
uated for granulocytic differentiation. The criteria for differentiation included
nuclear segmentation, an increased cytoplasm/nucleus ratio, and increased eo-
sinophilia and granularity of the cytoplasm. Considerable care was taken to
validate accurate differential counts. All differential counts were done on 100 to
200 cells on several occasions by the same individual (A.B.) to ensure consis-
tency; the results were confirmed by two other independent observers in a
blinded fashion.

Immunofluorescent staining and confocal imaging. Inmunofluorescent stain-
ing of 32D cells was performed in 96-well plates as follows: the cells were
harvested, washed in phosphate-buffered saline (PBS), fixed with 3% parafor-
maldehyde for 30 min on ice, washed three times with cold PBS-5% normal goat
serum (NGS), permeabilized with 0.1% Triton X-100-PBS-NGS, washed three
times, and blocked with FC Block (10 pg/ml; Pharmingen) for 30 min before the
primary antibody (anti-myc tag 9e10 or isotype control; 2 pg/ml) was added; the
cells were incubated overnight at 4°C, washed three times with PBS-2% NGS,
and incubated with the secondary antibody (fluorescein isothiocyanate-conju-
gated goat anti-mouse immunoglobulin G; 10 wg/ml) on ice in the dark for 30
min; propidium iodide was added to 2 pwg/ml for 5 min; and the cells were washed
three times with PBS-2% NGS and once with PBS and mounted on slides with
Vectashield (Vector Labs). The cells were visualized with a Bio-Rad MRC 600
laser scanning confocal microscope with COSMOS software (Bio-Rad) installed
for digital analysis. The images were combined for illustration with Adobe
Photoshop and Windows Powerpoint software.

Western blot analysis. Whole-cell lysates prepared from 32D cells were elec-
trophoresed through 4 to 12% gradient polyacrylamide gels (Novex) in the
presence of 10% sodium dodocyl sulfate (SDS) under reducing conditions (B-
mercaptoethanol). The total amount of protein loaded was adjusted to give
bands of comparable intensity (1 to 160 pg). The proteins were electrotrans-
ferred from the gels to nitrocellulose membranes, and the membranes were
immunoblotted with the anti-myc antibody (9¢10; 2 wg/ml) and visualized by
chemiluminescence with ECL reagents as previously described (26).

RESULTS

32D myeloid progenitor cells differentiate in response to
either G-CSF or GM-CSF. The myeloid progenitor cell line,
32D CI 3, is an IL-3-dependent cell line derived from mouse
bone marrow cultures (12, 42). When maintained in IL-3, 32D
cells proliferate as undifferentiated blasts with an approximate
doubling time of 17 h. However, they can also be induced to
undergo myeloid differentiation and thus have been widely
used for the study of hematopoietic differentiation (14, 17).
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Although 32D cells are used primarily to study G-CSF-induced
differentiation, these cells, or subclones of these cells, also have
the capacity to differentiate in response to other cytokines (17,
24).

We have used 32D cells as a model system to study the
effects of Notch expression on myeloid cell differentiation. In
our previous studies, we found that expression of an activated
form of Notchl in 32D cells inhibited granulocytic differenti-
ation in response to G-CSF (26). In those studies, we also
noted that expression of the comparable form of Notch2 did
not have the same inhibitory effect. To further explore this
apparent difference in function between Notchl and Notch2,
we asked whether the expression of activated forms of Notch1
and Notch2 would have the same or different effects on the
differentiation of 32D cells in response to other cytokines.

Since not all 32D cells have the capacity to respond to
cytokines other than G-CSF, we first evaluated differentiation
of the parental 32D cells in the presence of various cytokines.
The growth and differentiation characteristics of 32D cells
cultured in the presence of G-CSF or GM-CSF are shown in
Fig. 2. Differentiation was induced and assessed essentially as
previously described (26) (see Materials and Methods). Cells
were plated at constant density in media containing 10 ng of
G-CSF or GM-CSF per ml and evaluated daily for the total
number of viable cells and characteristics of granulocytic dif-
ferentiation. To permit adequate cell survival for evaluation of
the effects of GM-CSF, the cells were primed in G-CSF before
being replated in media containing GM-CSF (see Materials
and Methods); priming in G-CSF has previously been shown to
upregulate GM-CSF receptors and improve cell survival in the
presence of GM-CSF (17).

Granulocytic differentiation of parental 32D cells in re-
sponse to G-CSF and GM-CSF stimulation is compared in
Fig. 2A. Differential cell counts on Wright-stained cytospin
preparations were used to separate cells into three general
categories: (i) undifferentiated (blasts), (ii) mature (bands and
segmented granulocytes), and (iii) intermediate (myelocytes,
metamyelocytes, and undetermined). Cells in the intermediate
group were excluded from the analysis presented in Fig. 2.
Undifferentiated 32D cells generally have a single large, rela-
tively round nucleus and scant dark blue cytoplasm containing
few granules. Criteria for granulocytic differentiation included
nuclear segmentation, an increased cytoplasm/nucleus ratio,
and increased eosinophilia and granularity of the cytoplasm.
As illustrated in Fig. 2A, parental 32D cells differentiate in a
similar temporal pattern and to a comparable extent in re-
sponse to G-CSF and GM-CSF. After 5 days, 39 = 13% of the
32D cells in GM-CSF had attained a mature granulocytic mor-
phology compared to 54 = 18% of the cells in G-CSF. Less
than 25% of the cells remained undifferentiated in the pres-
ence of either cytokine.

The effects of G-CSF and GM-CSF on 32D cell proliferation
are compared in Fig. 2B. In GM-CSF, 32D cells did not pro-
liferate, and by day 5, cultures contained approximately half of
the original number of cells plated. Cells cultured in G-CSF
showed an initial proliferation and then stabilized, so that after
5 days in culture they had approximately twice the original
number of cells plated. Proliferation was minimal compared to
that of cells maintained in IL-3, which generally results in
approximately a 30-fold increase in cell number after 5 days
(26). We conclude that parental 32D cells normally differen-
tiate to a comparable degree in response to stimulation with
G-CSF or GM-CSF and that neither cytokine has a significant
proliferative effect.

Expression of the activated intracellular domain of Notch2,
but not Notchl, inhibits GM-CSF-induced differentiation. Trun-
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FIG. 2. Growth and differentiation characteristics of parental 32D CI3 cells
in the presence of G-CSF or GM-CSF. (A) Granulocytic differentiation in re-
sponse to G-CSF (upper graph) and to GM-CSF (lower graph) is illustrated by
plotting the relative percentage of viable cells maintaining an undifferentiated
blast morphology or having attained a terminally differentiated (bands and seg-
mented neutrophils) mature phenotype after successive days in culture. In the
presence of either cytokine, there is a continuous fall in the proportion of
undifferentiated cells and a concomitant rise in the proportion of differentiated
cells. (B) The total number of cells, relative to the original number of cells plated,
present after successive days of culture in G-CSF or GM-CSF is shown. There is
a slight increase in the cell number in G-CSF and a slight decline in GM-CSF. In
all three graphs, the values shown are the averages of three independent exper-
iments; error bars denote standard errors of the mean (SEM).

cated intracellular Notch molecules containing the cdc10 re-
peats and NLS have been shown to behave as constitutively
activated forms of Notch in a number of different systems (6,
15, 32, 40). We previously demonstrated that expression of a
truncated intracellular form of Notchl in the 32D myeloid
progenitor cell line inhibits G-CSF-induced differentiation but
permits the continued proliferation of undifferentiated cells
(26), effects consistent with those of Notch activation in other
systems. However, in those studies, the corresponding region
of the Notch2 molecule did not have any inhibitory effect on
differentiation induced by G-CSF, nor did it permit continued
proliferation. This result suggested that the Notchl and Notch2
molecules might have different functions in hematopoietic
cells. Since 32D cells will undergo granulocytic differentiation
in response to GM-CSF, we compared the effects of expression
of the activated Notchl and Notch2 molecules on differentia-
tion in response to G-CSF and GM-CSF.

We evaluated G-CSF and GM-CSF-induced differentiation
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FIG. 3. Differentiation of 32D cells expressing activated Notchl (N1-ICAOP) or Notch2 (N2-ICAOP) molecules in response to either G-CSF or GM-CSF
stimulation. The percentages of viable cells that are either undifferentiated or differentiated after successive days in culture in G-CSF (left) or GM-CSF (right) are
shown in the graphs, and photomicrographs of Wright-stained cells from cultures on the final day are shown beside the corresponding graph. Control clones
(LXSN-MT) are shown for comparison. As previously demonstrated (26), Notch1, but not Notch2, inhibits the differentiation induced by G-CSF. The converse effect
is noted when the cells are induced with GM-CSF: Notch2 inhibits differentiation, but Notch1 does not. A representative experiment is shown; graphs represent the
averages of results obtained with two (LXSN-MT) or three (N1-ICAOP and N2-ICAOP) clones, with error bars representing SEM. The same clones were used for the
G-CSF and GM-CSF cultures. In this experiment, 1% WCM was included in the medium for G-CSF-induced differentiation to improve the uniformity of cell survival;
we have previously reported that the addition of 1% WCM does not interfere with G-CSF-induced differentiation (26).

of parental 32D cells (32D WT), 32D cells expressing activated
forms of mNotchl (N1-ICAOP) and mNotch2 (N2-ICAOP),
and cells containing control retroviral constructs expressing
only the myc epitope tag (LXSN-MT). Addition of 10 ng of
GM-CSF per ml induced differentiation of the cells in the 32D
WT cultures (Fig. 2) and the LXSN-MT and N1-ICAOP cul-
tures (Fig. 3). By day 5, 40 to 60% of the cells in these cultures
had attained a mature granulocytic phenotype and less than
10% remained undifferentiated. In contrast, 50 to 60% of the
cells expressing Notch2 retained an undifferentiated blast mor-
phology and less than 10% had attained a mature granulocytic
phenotype after 5 days (Fig. 3). As we described previously
(26) and as shown in Fig. 3, the same clones showed the
opposite phenotypes when stimulated with G-CSF. After 5
days of culture in 10 ng of G-CSF per ml, 50 to 60% of the cells
present in 32D WT cultures (Fig. 2) and LXSN-MT and N2-
ICAOP cultures (Fig. 3) showed a differentiated granulocytic
morphology, while the N1-ICAOP clones predominantly main-
tained an undifferentiated blast morphology (50 to 60%) and
very few (<5%) of the cells were terminally differentiated.
Thus, while parental 32D cells and control clones demonstrate
the capacity to differentiate in response to either G-CSF or
GM-CSF, 32D cells expressing activated Notchl differenti-
ate in response to GM-CSF but not to G-CSF whereas 32D
cells expressing activated Notch2 differentiate in response to
G-CSF but not to GM-CSF. Therefore, we conclude that the
expression of Notchl specifically inhibits G-CSF-induced dif-
ferentiation and the expression of Notch2 specifically inhibits
GM-CSF-induced granulocytic differentiation of 32D cells.

In addition to determining the relative proportion of differ-
entiated and undifferentiated cells, we evaluated the total num-

ber of undifferentiated cells remaining after culture for succes-
sive days in G-CSF or GM-CSF. Figure 4 compares the total
number of undifferentiated cells (expressed as a percentage of
original number of cells plated) present after 3 to 5 days of
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FIG. 4. Effects of Notchl and Notch2 activity on the maintenance of undif-
ferentiated 32D cells in the presence of G-CSF or GM-CSF stimulation. Parental
32D cells (WT) and individual clones transduced with a control myc tag (MT) re-
troviral construct or activated forms of Notchl (N1; mNotch1-ICAOP) or Notch2
(N2; mNotch2-ICAOP) were evaluated for proliferation and differentiation in
the presence of 10 ng of G-CSF or GM-CSF per ml. The total number of cells
remaining undifferentiated on day 5 (or the last day when at least 40% of the
original number of cells were still viable) is expressed relative to the original number
of cells plated. The G-CSF graph represents a single experiment involving three
independent clones for each construct; the results were comparable to those
reported previously (26). The GM-CSF graph represents combined data from
four experiments involving the same three independent clones for each construct.
Error bars represent the SEM. Note that different scales are used in the two
graphs, because of the lower overall proliferation of 32D cells in GM-CSF (Fig. 2).
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FIG. 5. NCR region. The NCR region is shown as part of the full-length (top) and activated (middle) Notch molecules. At the bottom, the amino acid sequences
of the Notchl and Notch2 (N1 and N2) molecules are compared and the demarcation of the IR and NLR of the NCR is denoted. The putative NLS are underlined.

stimulation with G-CSF or with GM-CSF. In cultures stimu-
lated with G-CSF, significantly greater numbers of undifferen-
tiated cells were present in the cultures containing activated
Notchl-expressing 32D cells than in cultures of parental, con-
trol MT-expressing, or activated Notch2-expressing cells. Pa-
rental 32D cultures showed somewhat greater proliferation
than did control (MT) clones, probably because of the heter-
ogeneous nature of this population; individual 32D subclones
have growth characteristics comparable to those of the control
MT transduced clones (data not shown). While the N2 clones
showed slightly greater proliferation than the MT clones, this
difference was not statistically significant. In contrast to the
G-CSF cultures, for the cultures stimulated with GM-CSF,
those containing activated Notch2-expressing 32D cells con-
tained significantly more undifferentiated cells than did any of
the other cultures. Furthermore, only the Notchl G-CSF and
Notch2 GM-CSF cultures contained more undifferentiated
cells than were present in the original cultures. When individ-
ual clones were evaluated for baseline proliferation rates in
IL-3 (10% WCM), we found no significant differences among
control MT, NI1-ICAOP, and N2-ICAOP groups (although
there was some clonal variation); each of the individual clones
showed greater proliferation when cultured in the presence of
IL-3 than in the presence of either G-CSF or GM-CSF (data
not shown). Thus, expression of activated Notchl or Notch2
does not stimulate proliferation in response to G-CSF or GM-
CSF, respectively, but, rather, permits survival and continued
cell division in the absence of differentiation.

A region C-terminal to the cdc10 repeats is responsible for
the different effects of Notchl and Notch2 on 32D myeloid cell
differentiation. We next asked which part of the truncated
Notch molecule is responsible for conferring the cytokine-
specific effects of Notch1 and Notch2. The activated Notchl
and Notch2 molecules used in the studies described above
contain, in addition to the cdcl0 repeats, the adjacent C-ter-
minal region (the NCR region [Fig. 1 and 5]). The cdc10 re-
peats of the two Notch molecules have a high degree of overall
similarity (70% amino acid identity). However, there is a vari-
able degree of similarity among the individual repeats, ranging
from 45% identity for repeat 1 to 85 to 88% for repeats 3, 4, 5,
and 6. The NCR regions of the two molecules have approxi-
mately 50% identity in amino acid sequence. Figure 5 shows
the amino acid sequence alignment of the Notchl and Notch2
NCR regions. To determine if the cdc10 domain or the NCR
region or both were responsible for the specific effects of
Notchl and Notch2, we generated hybrid Notch1/Notch2 mole-
cules in which these two regions were exchanged. These recip-
rocal Notch hybrid molecules, referred to as NICDC/N2NCR

and N2CDC/NINCR, are represented in Fig. 6. We derived
32D clones expressing each of the hybrid molecules, confirmed
their expression by Western blotting, and then evaluated their
differentiation compared to that of clones expressing the acti-
vated Notch1 and Notch2 (N1-ICAOP and N2-ICAOP) mole-
cules.

Figure 6 shows the effects of expression of the Notchl/
Notch2 hybrid constructs on differentiation. As shown above
(Fig. 3), 32D cells expressing control constructs differentiate
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FIG. 6. Differentiation induced by G-CSF (left) and GM-CSF (right) in 32D
cell lines expressing NICDC/N2NCR and N2CDC/NINCR hybrid molecules,
compared to 32D cell lines expressing the activated Notchl (N1-ICAOP) or
Notch2 (N2-ICAOP) proteins. Graphs show the relative percentages of viable
differentiated and undifferentiated cells present in the cultures on successive
days. Inhibition of differentiation in G-CSF occurs when the expressed Notch
molecule contains the NCR region from Notchl. In GM-CSF, differentiation is
inhibited when the NCR region is derived from Notch2. The same clones were
used in the G-CSF and GM-CSF experiments. Values in the G-CSF graphs each
represent the average for three different clones expressing N1-CDC/N2-NCR or
N2-CDC/N1-NCR, with error bars denoting SEM. Values in the GM-CSF
graphs represent the average for two of the three clones for each construct; the
third clones did not survive in GM-CSF. Representative clones expressing N1-
ICAOP and N2-ICAOP were used in this experiment (see Fig. 3 for more
extensive data on N1-ICAOP and N2-ICAOP).

DAY
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FIG. 7. Correlation of subcellular localization and activity of Notch molecules in 32D cells stimulated with G-CSF. 32D cells transduced with the Notch1/Notch2
constructs indicated were evaluated by immunofluorescent staining and confocal microscopy for subcellular distribution of the Notch construct when the cells were
grown in IL-3 or after 48 h in G-CSF. The cells were doubly stained with the nuclear stain propidium iodide (PI, red) and fluorescein isothiocyanate (green) to detect
the myc epitope tags. Immunostained cells were visualized by confocal microscopy, and digital images (magnification, X60) were reproduced and combined with Adobe
Photoshop software. Below each set of micrographs is the corresponding graph of Notch activity, showing the percentages of cells remaining undifferentiated or
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differentiating into mature granulocytes over successive days in culture with G-CSF. Abbreviations for the Notch constructs are described in the text.

in response to either G-CSF or GM-CSF; after 5 days, these
cultures contained less than 10% undifferentiated cells and had
40 to 50% mature cells. The expression of activated Notchl or
Notch2 selectively inhibited differentiation in response to G-
CSF or GM-CSF, respectively, as also described above (Fig. 3).
32D clones expressing the N2CDC/NINCR hybrid molecule
displayed a differentiation pattern comparable to that of cells
expressing activated Notchl (N1-ICAOP): inhibition of differ-
entiation in response to G-CSF but not to GM-CSF. Expres-
sion of the reciprocal hybrid molecule, NICDC/N2NCR, pro-
duced the converse effects: differentiation was inhibited in the
presence of GM-CSF but not G-CSF, the same effects as were
observed with expression of the activated Notch2 molecule
(N2-ICAOP). These results suggest that the NCR region mod-
ulates the specific functional effects of Notchl and Notch2 in
cells stimulated with different cytokines. In this system, the
cdc10 domain, while required for Notch activity, does not con-
fer specificity to the effects of Notchl and Notch2.

To further define the functional effects associated with the
NCR region, we have derived additional hybrid and mutant
Notch molecules. As shown in Fig. 5, the NCR region can be
subdivided into an intermediate region (IR) and nuclear local-
ization region (NLR), the latter of which contains the putative
bipartite NLS. Analysis of the effects of NCR deletion mutants
of Notchl on G-CSF-induced differentiation, compared to the
effects of Notchl, Notch2, and the N1/N2 CDC/NCR hybrid
molecules, is shown in Fig. 7. Notchl molecules containing a
deletion of either the IR (N1AIR) or the NLR (N1ANLR)
portion of the NCR were inactive: 32D cells expressing these
molecules differentiated normally in response to G-CSF (Fig.
7, bottom row, panels 5 and 6). However, replacement of the
NLR with the Notch2 NLR restored activity, as demonstrated
by the inhibition of differentiation of 32D cells expressing this
construct (N1cdcIR/N2NLR; Fig. 7, right-hand panel). These
findings confirm that the NCR region of Notchl is required for
functional activity in this system. They further suggest that the

presence of both the IR and NLR is necessary for function but
that it is the IR that confers cytokine specificity.

The NCR region modulates subcellular localization and elec-
trophoretic mobility of Notchl and Notch2 molecules. In our
previous studies evaluating expression of the activated
Notchl construct in 32D cells, we observed primary localiza-
tion of the construct to the nucleus. While the corresponding
Notch2 construct also showed some nuclear localization, the
staining pattern was consistently more diffuse throughout the
cells and was less intensely nuclear, despite comparable pro-
tein expression by Western blotting (26). We therefore asked
whether there was any difference in the subcellular localization
of the Notch1/Notch2 hybrid molecules, whether the subcellu-
lar localization changed with cytokine induction, and whether
there was any correlation between subcellular localization and
activity. We used confocal microscopy to visualize 32D cells
doubly stained with the nuclear stain propidium iodide and a
myc tag antibody (9e¢10) to detect construct expression. The
four left-hand panels of Fig. 7 show 32D cells expressing the
activated Notchl, Notch2, N1cdc/N2NCR, and N2cdc/NINCR
hybrid molecules cultured in IL-3 and after 48 h in G-CSF.
Graphs illustrating functional activity in the context of G-CSF
stimulation are shown below each set of images. The native
activated Notchl construct (N1-ICAOP) showed intense nu-
clear staining, and the corresponding Notch2 construct showed
mixed nuclear and cytoplasmic staining as noted previously.
The N1cdc/N2NCR construct, which was inactive in G-CSF,
showed only cytoplasmic staining. However, the N2cdc/
NINCR construct, which was active (inhibited differentiation)
in the context of G-CSF, showed significant nuclear staining,
which increased with G-CSF stimulation.

To further explore the potential correlation between the
Notchl NCR region, nuclear localization, and functional ac-
tivity in G-CSF, we evaluated the subcellular expression and
activity of three additional Notch constructs, as shown in the
three right-hand panels of Fig. 7. Notchl molecules lacking
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FIG. 8. Western blot analysis of 32D cells expressing Notch1, Notch2, hybrid,
and mutant Notch molecules. Whole-cell lysates from 32D cells expressing the
indicated Notch constructs were subjected to SDS-polyacrylamide gel electro-
phoresis, and construct expression was detected by immunoblotting with an
anti-myc tag antibody. Molecular masses (in kilodaltons) are shown on the left.

either the IR (N1AIR) or the NLR (N1ANLR) of the NCR
(Fig. 5) were inactive and showed little or no nuclear localiza-
tion. In contrast, a Notch molecule containing the Notchl
cdcl0 and IR but the Notch2 NLR (NlcdcIR/N2NLR) was
active and localized predominantly to the nucleus. Together,
these findings suggest that Notchl inhibition of G-CSF-in-
duced differentiation is associated with nuclear localization,
that both the IR and NLR portions of the NCR are required
for functional activity, and that both the IR and the NLR are
associated with subcellular trafficking in this system.

When 32D cells transduced with the various Notchl and
Notch2 constructs were evaluated for construct expression by
Western blotting, the Notchl and Notch2 molecules appeared
to be of different sizes, despite having a nearly identical num-
ber of amino acid residues (385 for N1; 389 for N2). The re-
sults of Western blot analysis of representative 32D clones ex-
pressing different Notchl, Notch2, hybrid, and mutant Notch
molecules are shown in Fig. 8. The N1-ICAOP molecule runs
as a single band corresponding to approximately 65 kDa. The
corresponding N2-ICAOP molecule has a slower mobility, show-
ing a prominent band at approximately 75 kDa. The N2-ICAOP
molecule frequently also shows a minor, faster-migrating band
at about 55 kDa, as previously reported (26). The Nlcdc/
N2NCR hybrid construct has a mobility comparable to that of
Notch2, and the N2cdc/NINCR construct has the same mobil-
ity as Notchl, indicating that electrophoretic mobility is asso-
ciated with the NCR region. The N1cdcIR/N2NLR molecule
also has a mobility comparable to that of Notchl, suggesting
that the IR portion of the NCR is important in determining
electrophoretic mobility. The Notchl deletion molecules,
NIANLR and N1AIR, have mobilities corresponding to their
smaller sizes, as expected. The differences in electrophoretic
mobility through SDS-polyacrylamide gels indicate that Notchl
and Notch2 undergo different posttranslational modification
processes in 32D cells. Specifically, the mobility patterns sug-
gest that the Notch2 NCR region is associated with a covalent
modification that results in delayed mobility.

DISCUSSION

Members of the Notch gene family mediate cell fate deci-
sions by multipotent progenitors in several invertebrate and
vertebrate systems, and considerable evidence in support of a
conserved role for Notch in hematopoietic cell fate determi-
nation is emerging. Notchl is expressed in normal immature
hematopoietic progenitors (27), and ligands for Notch are ex-
pressed by a subset of fetal liver cells (29) and bone marrow
stromal cells (20). We have recently demonstrated that activa-
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tion of a full-length Notch1 molecule on 32D myeloid progen-
itors by the Notch ligand Jagged1 on stromal cells results in an
inhibition of G-CSF-induced granulocytic differentiation and
expansion of undifferentiated cells (20), results comparable to
those previously reported with constitutive expression of an
activated intracellular form of Notch1 (26). In addition, trans-
genic expression of an activated intracellular Notch1 molecule
influences the CD4/CDS8 (35) and o3/vd (43) cell fate decisions
in T lymphocytes. Because multiple different Notch molecules
are expressed in hematopoietic progenitors, we have addressed
whether they have distinct functions. In the studies presented
here, we evaluated the effects of Notch1 and Notch2 activity on
the capacity of 32D myeloid progenitors to differentiate in
response to G-CSF and to GM-CSF. We found that while
both Notchl and Notch2 were capable of inhibiting myeloid
differentiation, Notch1 did so only in response to G-CSF and
Notch2 did so only in response to GM-CSF. This cytokine
specificity can be attributed to a previously uncharacterized
region, which we have termed the NCR region. In addition, we
provide evidence that differences in subcellular localization
and posttranslational modification associated with the NCR
region also correlate with functional activity. Together, the
results presented here suggest that structural differences be-
tween the NCR regions of the Notchl and Notch2 molecules
confer functional specificity and contribute to subcellular traf-
ficking in this system.

Different functions for Notchl and Notch2 in myeloid cell
differentiation. In Drosophila, Notch influences cell fate deci-
sions in numerous different tissues during development, in-
cluding the nervous system, eye, mesoderm, and oocyte (2, 4, 7,
31, 37). In addition, the product of this single gene functions in
different cell types within the same tissue to mediate the spec-
ification of different cell fates at specific stages during the
formation of these tissues. This is particularly notable in the
formation of the compound eye, during which precise temporal
and spatial expression of Notch is required for the appropriate
specification of photoreceptors, cone cells, and pigment cells
that comprise the ommatidia (4, 10). In C. elegans, two differ-
ent Notch homologs, lin-12 and glp-1, control distinct cell fates
during embryonic development (3, 39, 46). lin-12 functions
specifically in vulval progenitors, whereas glp-1 functions in
germ line cells. Studies with C. elegans have demonstrated that
the glp-1 cdc10/ankyrin repeats can compensate for the func-
tion of lin-12 if expressed in the appropriate cell (vulval pro-
genitors) (36) and that the glp-1 protein, when expressed under
the control of lin-12 regulatory sequences, is capable of rescu-
ing a lin-12 null mutant phenotype (8). These findings have led
to the conclusion that the distinct functions of /lin-12 and glp-1
in the intact organism are due to differential expression, rather
than differences in their molecular structure.

Four different Notch molecules (Notchl to Notch4) have
now been identified in mammals (11, 18, 41, 44, 45). One
question raised by the presence of multiple closely related
forms of Notch is whether they have structural differences that
make them function differently or whether they are simply
used in the same way by different cell types. The mammalian
Notch homologs have different temporal and spatial patterns
of expression in many embryonic and adult tissues (19, 28, 45),
and Notch4 expression appears to be restricted to endothelial
cells (41), suggesting that differential expression may be an
important determinant of Notch function in vertebrate sys-
tems. However, there is also considerable overlap in expression
in some tissues, suggesting that the molecules may perform
distinct functions in the same cell. We have found that multiple
different Notch molecules are expressed in multipotent hema-
topoietic cells, including normal human bone marrow progen-
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itors and the mouse myeloid progenitor cell lines, FDCP mix
A4 and 32D (references 26 and 27 and unpublished observa-
tions). In the present studies, we show that constitutive expres-
sion of an activated form of either of two different Notch
molecules, Notchl and Notch2, influences the differentiation
of the same hematopoietic cell type but in response to different
cytokines. While both Notchl and Notch2 have the same gen-
eral effect (inhibition of differentiation), they are active only in
the context of G-CSF and GM-CSF stimulation, respectively.
These observations support the hypothesis that different Notch
molecules have distinct functions in hematopoietic differen-
tiation and elucidate a potential link between Notch and cyto-
kine signaling. If these findings translate to hematopoietic
progenitors in vivo, they raise the intriguing possibility that
signaling through Notch pathways directly influences the re-
sponse of hematopoietic progenitors to the diverse cytokine
stimuli encountered in the hematopoietic microenvironment.

The NCR region mediates the cytokine specificity of Notchl
and Notch2. Our observation that Notchl and Notch2 were
active in the same cell type, but in the context of stimulation by
different cytokines, suggested that structural differences be-
tween the Notch molecules might be responsible for distinct
molecular interactions that influence activity in 32D cells. Sev-
eral additional lines of evidence support this conclusion and
suggest that structural differences in the region adjacent to the
cdc10 repeats, which we term the NCR region, are responsible
for functional specificity. The activities of hybrid Notchl/
Notch2 molecules in the context of G-CSF and GM-CSF stim-
ulation demonstrate that the cytokine-associated specificity
of the Notchl and Notch2 molecules can be transferred with
the NCR region. In addition, the activated Notchl and
Notch2 molecules have different electrophoretic mobilities
(indicating different posttranslational modification) and differ-
ent subcellular localization patterns; these characteristics are
also transferred with exchange of the NCR regions. Thus,
Notch molecules containing the Notchl NCR region (Notchl
and the N2CDC/NINCR hybrid molecule) are active in G-
CSF, electrophorese as a single band at 65 kDa through SDS-
polyacrylamide gels, and localize predominantly to the nucleus,
whereas Notch molecules containing the Notch2 NCR region
(Notch2 and the NICDC/N2NCR hybrid) are active in GM-
CSF, show two forms on SDS-polyacrylamide gel electrophore-
sis (a prominent form with slower electrophoretic mobility and
a minor form with faster mobility than Notchl), and show
more diffuse subcellular localization.

The NCR region consists of 88 to 89 amino acids starting 31
amino acids C-terminal to the cdcl0 repeat region. We have
further subdivided the NCR region into the IR and the NLR,
the latter of which contains the putative NLS (Fig. 5). Mutant
Notchl molecules lacking either the IR or NLR portion of the
NCR are inactive in G-CSF, indicating that the presence of
both of these regions is required for Notch1 activity. However,
a Notch1/Notch2 hybrid molecule containing the cdc10 and IR
of Notchl and the NLR of Notch2 is active in the context of
G-CSF stimulation, suggesting that the NLR portion is neces-
sary for function but does not mediate the specificity of Notchl
activity. Thus, it is possible that only the IR portion of the NCR
region is required for cytokine specificity and that the NLR
portion contributes to subcellular localization. However, since
the N1AIR mutant also showed a lack of nuclear localization
(despite the presence of the NLR and thus the NLS), it ap-
pears that the IR also participates in subcellular trafficking.
Our findings suggest that nuclear localization is required for
Notchl-mediated inhibition of G-CSF-induced differentiation
of 32D cells. However, it appears that Notch2 activity may not
require nuclear localization; further studies of Notch2 mutant
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FIG. 9. Model of cytokine specificity mediated by the NCR domain. In this
model, the cdc10 domain is required for inhibitory activity, but this activity is
masked by the NCR region. Cytokine stimulation activates signal transduction
pathways, represented by X for G-CSF and Y for GM-CSF. The product of the
X pathway is able to dissociate the Notchl NCR from the cdc10 domain, thereby
unmasking its activity, but is unable to act on the Notch2 NCR. Conversely, the
product of the Y pathway can dissociate the Notch2 NCR but has no effect on the
Notchl NCR. The result is an inhibition of differentiation which is conditional on
both Notch activation and cytokine stimulation.

molecules as well as Notchl and Notch2 mutant molecules in
the context of GM-CSF stimulation are in progress to address
this question.

Notch molecules as mediators of hematopoietic differentia-
tion: a model for cytokine-specific activity of Notchl and Notch2.
The studies presented here provide evidence that Notchl and
Notch2 have distinct functions that can be attributed to struc-
tural differences in the NCR region. We speculate that the
NCR region modulates the activity of the cdc10 domain, which
previously has been shown to be the effector portion of Notch
(6, 10, 15, 21, 32, 34, 36, 40). Figure 9 depicts a model in which
the NCR region could modulate Notch activity through post-
translational modifications or conformational changes that af-
fect molecular interactions. For example, when Notch is in an
inactive form, the NCR region itself or molecules interact-
ing with the NCR region may mask the cdc10 domain; in the
context of specific cytokine induction, the NCR region may
interact with molecules involved in the cytokine signaling path-
way, resulting in unmasking of the cdc10 domain and permit-
ting Notch activity (inhibition of differentiation). Our observa-
tions suggest that the activated forms of Notchl and Notch2
may interact with distinct molecules involved in different cyto-
kine signal transduction pathways (as indicated by X and Y in
Fig. 9). In addition, given the correlation of Notchl activity
with the presence of the Notchl NCR and with nuclear local-
ization, it is possible that interactions involving the NCR re-
gion affect subcellular trafficking, which could also influence
functional activity. While our results are not definitive, they
suggest that Notch2 activity may not require nuclear localiza-
tion. Since nuclear localization and posttranslational modifi-
cation are both associated with the NCR region, it is possible
that posttranslational modification of Notch2 in 32D cells pre-
vents nuclear targeting, contributing to a function distinct from
that of Notchl in these cells. A difference in the subcellular
localization of Notchl and Notch?2 is particularly intriguing in
light of the controversial significance of nuclear localization in
other systems, with some studies demonstrating nuclear local-
ization of activated forms of Notch (10, 15, 16, 21, 40) and
others demonstrating that Notch homologs have functional
activity in the absence of nuclear localization (10, 36).
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In contrast to Drosophila development, in which the numer-
ous cell fate decisions mediated by Notch are temporally
and/or spatially distinct, diverse signaling molecules coexist in
the hematopoietic microenvironment, a variety of hematopoi-
etic cell fates are continuously being determined, and the pro-
portion of cell types produced may change in response to
environmental factors. In addition, individual hematopoietic
cells simultaneously express multiple cytokine receptors and
thereby have the capacity to respond to different signals. Thus,
a theoretical need for multiple Notch molecules and potential
evolutionary pressure for diversification exists in this system.
By influencing the differentiation of hematopoietic progenitors
in response to distinct cytokines, the different Notch molecules
could provide an important link between cytokine stimulation
and cell-cell signaling in hematopoiesis. We would predict that
signaling through the Notch pathway in the normal hemato-
poietic microenvironment is conditional on both activation of
Notch by an external signal (Notch ligand on adjacent cells)
and specific cytokine stimulation.

Activation of different Notch molecules could inhibit the
differentiation of hematopoietic progenitors in response to
specific cytokines in a number of different ways: by interacting
with molecules specific to different cytokine pathways, by in-
fluencing the expression of cytokine receptors, or by regulating
the expression of distinct lineage-specific genes. For example,
Notchl may interact with molecules specific to the G-CSF
signaling pathway (such as specific JAK/STAT molecules), may
downregulate G-CSF receptors and/or upregulate other cyto-
kine receptors, or may inhibit the expression of genes normally
induced by G-CSF stimulation. Similarly, Notch2 may interact
specifically with molecules induced by GM-CSF, may influence
GM-CSF or other cytokine receptors, and/or may regulate
the expression of genes induced by GM-CSF. The effects of
Notchl and Notch2 may vary considerably among individual
cells, since the effects in a given cell are likely to be influenced
by the relative levels of Notch and Notch ligand expressed on
neighboring cells as well as the maturational state and the
capacity of that cell to express particular gene products. Thus,
signaling through Notch receptors may provide a mechanism
by which hematopoietic progenitors could communicate with
adjacent cells, permitting some cells to differentiate in re-
sponse to specific inductive signals while inhibiting the differ-
entiation of others, thus regulating the number of mature cells
produced while also maintaining a pool of multipotent progen-
itors.
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